Using the in vitro mixed transcription system (Kajitani, M. and Ishihama, A. (1983) Nucleic Acids Res. 11, 671-686), we determined the two parameters of the promoter strength, i^.e^., the rate of open complex formation between RNA poly= merase and promoter, and the saturation level of the open complex formation at equilibrium, for the promoters of ribosomal RNA (rrnE), ribosomal protein SI (rpsA) and recA protein (recA) operons from Escherichia coli. Taken together with the previous determinations for lactose (lac(UV5)), tryptophan (trp) and ribosomal protein L10 (rplJ) operons, these studies revealed that the relative promoter strengths with respect to the kinetic parameter are 200, 70, 50, 40, 30, 20 and 2% of the reference promoter lacP(UV5) for recAp, rplJ p , rpsA p 3, trpp, rpsApj, jrvnEpl an d rrnEp2i respectively, under our standard reaction conditions (50 mM NaCl and 37°C); and those with respect to the thermodynamic parameter are 70, 35, 20, 10, 10, 10 and 5% the level of lacP(UV5) for rrnE p 2, trpP, rpsAp3, rplJp, rp_sApi, rrnEpl and recAp, respectively. The order of the promoter strength, however, changes with variation of the salt concentration or reaction temperature.
separately. Previously, we reported an initial attempt at comparison of the saturation level of RNA polymerase, one parameter of the promoter strength, among promoters of lactose (lac(UV5)), tryptophan (trp) and ribosomal protein L10 (rplJ) operons from E^. coli (5) . In the present study, we determined the RNA polymerase saturation level for another three E_. coli promoters, i_.e_., rpsAp (promoter for ribosomal protein SI operon), rrnEp (promoter for ribosomal RNA operon rrnE) and recAp (promoter for recA protein operon). The kinetic comparison of RNA polymerase-promoter complex formation, another parameter of the promoter strength, for all the above six promoters from our collection of ji. coli promoters is also described in this report.
MATERIALS AND METHODS

Chemicals and Enzymes
RNA polymerase was purified from J3. coli W3350 essentially according to the method of Fukuda e_t jil_. (6) . Holoenzyme was separated from core enzyme by passing the purified RNA polymerase through a phosphocellulose column in the presence of 50% glycerol (7) .
Restriction endonucleases, Sail, Hindlll, HapII, BamHI and Hhalll, were obtained from Takara Shuzo, Japan, and Alul and TagI were from BioLab, USA, and BRL, USA, respectively. Other chemicals and enzymes were as described previously (5) .
Plasmid DNAs
The following plasmids were used for the preparation of truncated DNA templates carrying specific promoter(s): pSP621 (Pedersen, S. et^ a_l. , in preparation) for ribosomal protein SI (rpsA) promoters, pRP-1 (Muto, A. e_t al., in preparation) for ribosomal RNA operon E (rrnE) promoters, and pTM-2 (8) for recA promoter. Plasmids pSP621, pRP-1 and pTM-2 were provided by S. Pedersen (University Institute of Microbiology, Copenhagen), A. Muto (Nagoya University, Nagoya) and H. Ogawa (Osaka University, Osaka), respec= tively.
For preparation of lacP, trpP and rp!J p fragments, we used plasmids pKB252 (9), pWTlOl (10) and pJLO-2 (Fukuda, R. and Nagasawa-Fujimori, H., in preparation). The nature and origin of these plasmids were described pre= viously (5 The 0.8 kbp fragment containing the two promoters of the rrnE operon was iso= lated by electrophoretic elution from the gel band, and digested with HapII into two fragments with approximate chain lengths of 470 and 320 bp, each carrying one promoter, rrnEpi or rrnEp?• The 470 bp fragment carrying the upstream promoter (rrnEpi) was found to carry another promoter (Px) which directed transcription towards the opposite orientation of rrnE transcription and was inactivated by treatment with Alul (Kajitani, M. and Ishihama, A., in preparation). To selectively inactivate Px, the 470 bp fragment was further digested with Alul and the resulting fragment mixture containing the about 300 bp rrnEpi fragment was used without further separation. On the other hand, the 320 bp HapII fragment containing the downstream rrnE promoter (rrnEp2) was digested with TagI and the resulting fragment mixture containing the 141 bp rrnE o fragment was used as the rrnE p 9 template. recA Promoter fragment: Plasmid pTM-2 was digested first with EcoRI and BamHI and the resulting fragments were separated by agarose gel electrophoresis. rplJ Promoter fragment: The 210 bp HinfI fragment of pJLO-2 was prepared as described previously (5) and used as the rplJ_ template.
Transcription in vitro
Iji vitro mixed transcription was performed by using the single-round transcription method described in the previous report (5) . In brief, mixtures containing 0.3 pmol each of truncated DNA templates and a 10-fold molar excess of RNA polymerase holoenzyme in a total volume of 35 ul were preincubated at 37°C for various times as indicated in each experiment and the transcription was initiated by adding 15 yl of the prewarmed substrate mixture including [a-P]UTP (specific activity, 1^2 x 10 cpm per nmol) and rifampicin. RNA synthesis was allowed for another 5 min and terminated by adding 50 ul of the stopping solution (40 mM EDTA, 300 yg/ml jS. coli rRNA).
Transcript analysis 32 The procedures for gel electrophoresis of P-labeled transcripts and their quantitation from autoradiograms were as described previously (5 
RESULTS
Identification of Transcripts
The structure of truncated templates used in this study and the trans= cripts directed by the promoter(s) located on each template are summarized in The putative accurate transcripts were found only when holoenzyme was used, whereas the template-sized RNAs were observed with use of not only holoenzyme but also core enzyme (data not shown), indicating that the latter represents non-specific end-to-end transcripts. The level of these template-sized transcripts varied depending on the nature of truncated DNA termini (see Transcripts directed by the truncated templates. In vitro trans= cription directed by single species of the truncated DNA fragments was per= formed under the standard reaction conditions in the absence (a) or presence (b) of 50 mM NaCl. RNA products were analyzed by 8% polyacrylamide gel electrophoresis followed by autoradiography. Lane 1, lacP fragment; 2, trp(S) fragment; 3, rpljp fragment; 4, rpsAp(lS) fragment carrying PI and P2 promoters; 5, rpsAp(3S) fragment carrying P3 and P4 promoters (the P4 product is not identified in this figure); 6, rrnEp(l) fragment; 7, rrnEp (2) This level, however, changes markedly depending on the reaction condi= tions, in particular the salt concentration and the reaction temperature (5).
The influence of variations in the NaCI concentration and the reaction tem= perature was then investigated for the promoters analyzed in the present study. For this purpose, the templates were divided into two groups: Group I, rpsApi , rpsAp-j, rp!J p and trpP; and Group II, rrnE p1 , rrnEp?, recA p and trpP.
Due to the comlgration of lac RNA with rpsA RNA (see Fig. 1 ), we could not use the reference promoter lacP(UV5) as an internal standard, but instead included trpP in both groups of template mixtures. The transcription of lacP, trpP and rplJp fragments was maximum at about 65, 70 and 35 mM NaCI, respec= tively (5). Among these three templates, the transcription of the trpP Compared with the trpP activity, the transcription initiated from two ribosomal protein promoters, rplJp and rpsA-3, was more active at low ionic strength and less active at high ionic strength. The level of rpsApi activi= ty was about 50% the level of trpP below 50 mM and decreased above 50 mM.
The expression of the recAp function is rather higher in extreme salt condi= tions and, as a result, the order of promoter strength increases for recAp in extremely high salt conditions within the range examined, exceeding trpP and rrnEp? > rpsA p 3 > trpP > recAp > rplJp > rpsApi > rrnEpi at 100 mM NaCl, respectively. At 150 mM NaCl, recAp is the most active promoter followed by trpP and rpsAp^, but other promoters are virtually inactive.
The influence of the variation of reaction temperature on the promoter strength is summarized in Figs. 7 and 8 , in which the two sets of template mixtures (Group I in Fig. 7 ; and Group II in Fig. 8 ) were examined at various temperatures and in the presence of 0, 50 and 100 mM NaCl. The reference promoter lacP(UV5) exhibited maximum activity at 37°C and a sharp decline on both sides of this temperature, whereas the transcription levels of trpP and rplJp stayed rather constant between 27 and 47°C, leading to an increase of promoter strength relative to lacP concomitantly with the increase of reac= tion temperature (5) . All the ribosomal protein promoters, rplJp, rpsApi and rpsApi, gave broad curves for temperature (Fig. 7) . Compared with trpP activity, the ribosomal protein promoters are more active at low temperature in the absence of salt, but at high temperature in the presence of salt, indicating that the optimum temperature needed for maximum promoter activity Between the two major promoters of the rpsA gene, the downstream P3 is more than twice as active as the upstream PI in both parameters of the promoter strength, indicating that P3 is the principal promoter for the rpsA gene.
Between the two promoters of the rrnE operon, however, the rate of open complex formation is higher for PI but the saturation level is higher for P2.
This might indicate that PI is the functional promoter in dynamic cycles of transcription where rrnE is continuously expressed. In fact, it was reported that most, if not all, rrnB transcription is initiated from PI in growing cells (12) . The marked differences in the characteristics between the two rrnE promoters might provide a basis for consideration of the physiological significance of the tandem promoter sturucture for all the rrn operons. The different responses of the two rrnE promoters to various transcription factors is described elsewhere (Kajitani, M. and Ishihama, A., in preparation).
Promoters lacP(UV5) and trpP have been widely used for genetically engineered constructs to drive the expression of cloned genes. We found that both the rate and the level of open complex formation are higher for lacP(UV5) than trpP. Since the overall promoter strength might be determined by the function of these two parameters, it might be safe to conclude that the promoter strength is stronger for lacP(UV5) than trpP. This conclusion is, however, apparently inconsistent with the recent report by Horowitz and Platt (14) , who measured the in vitro transcription level from the two promoters using two templates carrying lacP(UV5) and trpP on the same DNA fragment oriented in either tandem or convergent configuration and reached the conclu= sion that the two promoters were of comparable strength. The major reason for the discrepancy might be that they measured the transcription level after multiple-round reactions but we determined the order of the promoter strength in single-cycle reactions. In fact, after cyclic transcription, the level of transcription varies due to different rate of not only initiation but also chain elongation, pausing, attenuation, termination, enzyme release from transcription complexes and re-initiation (5). In our study, however, each DNA fragment was prepared so as to carry only a single species of promoters. Therefore, possible interactions between promoters on the same DNA strands should be analyzed prior to coming to a conclusion.
A number of efforts have also been made recently to determine promoter function in vivo using recombinant DNA techniques. For example, Russell and Bennett (4) and deBoer et_ ^1. (15) constructed hybrid genes from the struc= tural gene for galactokinase (galK) and promoters of lacP(UV5), trpP or lacPtrpP hybrids, and measured the synthesis rate of the enzyme protein, and reached the conclusion that trpP is about 2.8 times (4) or 3.4 times (15) as active as lacP(UV5). Efficient synthesis of the galactokinase from the hybrid genes, however, does not simply mean the efficient transcription initiation from the inserted promoters but represents over-all reactions including efficient translation and increased stability of mRNA. In this respect, it is recommmended that the mRNA level be determined for cells carrying these hybrid genes.
